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Superhydrophobic surfaces with a water contact angle ͑CA͒ larger than 150°and a low CA hysteresis ͑the difference between the advancing angle A and the receding angle R ͒ are currently of enormous interest owing to their promising applications in self-cleaning, antisticking, antifouling, and low-friction coatings. [1] [2] [3] Inspired by the microstructure of some natural superhydrophobic plant and animal surfaces, 4 carbon nanotubes ͑CNTs͒ have previously been arranged into a hierarchical ͑or two-tier͒ structure with both micro-and nanoscale roughness to enable a stable superhydrophobicity. 5, 6 This arrangement often involves multiple-step fabrication such as photolithographic patterning of catalyst, growth of CNTs by chemical vapor deposition ͑CVD͒, and subsequent plasma deposition of a lowsurface-energy film ͑e.g., polydimethylsiloxane, thiol, fluorocarbon͒, which transforms CNTs arrays into nanocomposites. [7] [8] [9] This mechanism is effective when water droplets remain on the surface of CNTs arrays but do not penetrate into the gaps between the CNTs, i.e., find themselves in a Cassie state. 10, 11 However, the multistep fabrication is cost inefficient, laborious, and time consuming, posing challenges to a large scale production of superhydrophobic CNTs.
In this letter, using plasma immersion ion implantation ͑PIII͒, 12, 13 we show that superhydrophobic amorphous carbon/carbon nanotube ͑a-C/ CNT͒ nanocomposites can be created with CNT forests as a template. The fabrication does not require patterning of CNTs or using of chemical precursors for the deposition of low-surface-energy materials, in contrast to many conventional approaches. The microstructure of the fabricated nanocomposites shows arrays of CNTs capped with a-C nanoparticles. The formation of a-C is attributed to a series of phenomena arising from the interactions between energetic ions and the CNTs in the PIII process.
The fabrication started from the growth of CNT forests by dc plasma-enhanced chemical vapor deposition ͑PECVD͒, as described elsewhere. 8, 9 Briefly, a thin catalyst layer ͑10 nm Ni͒ was first deposited on a Si wafer ͑n-type, R = 0.01 ⍀ cm͒ by using e-beam evaporator ͑Edwards AUTO 306͒. The wafer was then cut into samples with a size of 1 ϫ 1 cm 2 and the samples were loaded into the PECVD system. The dc PECVD reactor here consisted of a suspended graphite cathode and a gas showerhead 5 cm above it. When the samples were heated to 800°C by a tungsten heater embedded in the cathode, the cathode was biased negatively at 80 W and a ratio of 240/60 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ for NH 3 / C 2 H 2 at the pressure of 12 mbar was used to grow CNT forests.
Afterwards, the grown CNT forests were processed by argon PIII in another chamber. A negative pulsed bias was applied to the substrate immersed in the argon plasma. As accelerated by the bias, positively charged argon ions interact with the substrate surface and generate various irradiationrelated effects, such as doping, sputtering, self-assembly, and deposition, which depend on the types of samples and the processing parameters used.
14 In the present case, the working pressure was 10 −1 mbar and the pulsed bias had a voltage of Ϫ10 kV, a repetition rate of 500 Hz, and a pulse width of 20 s.
The scanning electron microscopy ͑SEM 5910LV, JEOL͒ image of CNT forests grown by PECVD is shown in Fig. 1͑a͒ . Vertically aligned CNTs are observed owing to the plasma-sheath controlled orientation in the PECVD process. 15, 16 The height of CNTs is about 1 -2 m and the diameter ranges from 50 to 200 nm. Ni catalysts are found a͒ Author to whom correspondence should be addressed. Electronic mail: zjhan@ntu.edu.sg. on the top of the multiple graphitic walls of CNTs, 17 implying that the growth follows the tip-growth mechanism, i.e., the carbon material is dissolved in the catalyst, diffused across the particle, and exited to form the nanotube.
18 Figure  1͑b͒ shows a typical SEM image of CNT forests processed by PIII after 10 min. While the size and spatial distribution of CNTs show no significant changes as compared to Fig.  1͑a͒ , the shape of individual CNTs has been altered. The Ni catalysts on the top become obscure, as if they are encapsulated by another layer of material, which apparently has a slightly larger diameter than the CNTs.
Transmission electron microscopy ͑TEM 2010, JEOL͒ analysis reveals that there is indeed a pseudospherical "cap" covering the Ni catalyst, as shown in Fig. 2͑a͒ . Further, the high-resolution TEM image and the selected-area electron diffraction ͑SAED͒ pattern shown in Fig. 2͑b͒ were taken from the cap site, which confirm the amorphous nature by seeing an opaque halo in the center of the SAED pattern. We propose the composition of the cap to be a-C based on two facts. First, argon ions were the primary ions that bombarded the CNT forests. The Ar + ions are chemically inert and cannot form chemical bonds with either CNTs or Ni catalyst nanoparticles. Second, energy dispersive x-ray spectroscopy showed that only C and Ni elements were present on the surface, whereas other elements were untraceable ͑detection limit Ͻ0.5 wt %͒.
The formation of a-C nanoparticles originated from other sources ͑e.g., graphite electrode͒ was minimized as a different chamber was used in the PIII process. We attributed the a-C formation to a series of phenomena arising from the interactions between energetic Ar + ions and CNT forests, as schematically shown in Fig. 3 . In the PIII process, when a bias is applied to the CNT forests template, the aligned geometry of CNTs together with a relatively large intertube distance create a nonuniform, strong local electric field in the vicinity of CNTs surface where Ni catalysts are present.
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The ion flux is focused by the electric field and bombards Ni nanoparticles but not the side walls of CNTs ͓Fig. 3͑a͔͒. 22 Subsequently, Ni nanoparticles melt due to heat generated in the process and protrude down along the CNT channel, exposing the graphitic sidewalls to energetic argon ions ͓Fig. 3͑b͔͒. The walls are then smashed into a-C particles ͓Fig. 3͑c͔͒, consistent with the previous report by Wei et al. 23 who used keV ions to transform selected area of CNTs into a-C. As more and more carbon atoms are released from the CNT walls, some of them diffuse about the lateral surface and attach to the borders of Ni particles, completely covering the Ni nanoparticles and eventually forming pseudospherical caps on CNTs whose diameters are slightly larger than that of CNTs ͓Fig. 3͑d͔͒. As a result, the final topography is formed with CNTs capped with a-C nanoparticles as can be seen in Fig. 2͑a͒ .
The CA of unprocessed CNT forests has been estimated to be almost 0°by using the sessile drop method ͑OCA 20, Dataphysics͒. In this case, water can easily seep into the gaps in CNT forests and wet the whole surface. 8 In contrast, a-C/ CNT nanocomposites show very high water CAs. For certain samples, the CA is so high that it cannot be accurately measured by the sessile drop method. As demonstrated by the dynamic process of CA measurements shown in Figs. 4͑a͒-4͑c͒, when a water droplet ͑15 l volume͒ is dispensed on the sample to be examined and then the sample is lowered to detach the droplet from the syringe, the droplet rolls off the horizontal surface spontaneously due to slight fluctuations acquired in the dispensing process. To solve this problem, we used a method similar to that proposed by Gao and McCarthy. 24 The principle of this method is that when the sample is detached from a water droplet supported by the syringe, the shape of the droplet at the detaching point shows a slight deformation if the surface has a slight affinity to water ͑ A / R = 150°-179°/ 150°-179°͒, whereas it will keep the spherical shape if no affinity ͑ A / R = 180°/ 180°͒. The measurements are shown in Figs. 4͑d͒ and 4͑e͒ . In addition to the sample we are interested in, denoted as Model, we have also used another sample with a CA of 168°͑ also a-C/ CNT nanocomposites with very similar topography and microstructure as Model but processed by PIII after 5 min͒, denoted as Control, for comparison. A droplet ͑10 l͒ is dispensed and the samples are lifted to compress the droplet and then lowered to detach from the droplet. At the detaching points, a clear difference is distinguishable between the two samples. For Control, the shape of the droplet is slightly deformed while the spherical shape remains intact for Model.
In addition, we also fixed the positions of the samples but reversely dispensed the suspended water droplet. As shown in Figs. 4͑f͒ and 4͑g͒ , when a water droplet is reversely dispensed, it recedes and eventually detaches from the samples. Again, at the detaching points the droplet shows an elliptical shape for Control ͑ R = 150°͒, while it keeps spherical for Model ͑ R = 180°͒. These observations together with the spontaneous roll-off of water droplet in the sessile drop method corroborate that a-C/ CNT nanocomposites have both A and R close to 180°at Cassie state.
The obtained excellent superhydrophobicity of a-C/ CNT nanocomposites is unique as neither CNTs are lithographically patterned nor the hydrophobicity of a-C is good ͑the intrinsic CA for an a-C flat surface is 64°-90°͒, deviating from the common approaches to obtain superhydrophobic CNTs. [9] [10] [11] We attribute the good superhydrophobicity to the unique microstructure of a-C/ CNT nanocomposites. On one hand, the pseudospherical a-C caps have larger diameters than that of the cylindrical CNTs, featuring the nanocomposites an "overhang" structure similar to "nanonails" fabricated by reactive-ion etching. 25 Water droplet can penetrate into the gaps of such "overhang" structure only if considerably high hydrostatic pressure is provided. 25, 26 In normal condition, however, a stable Cassie state can be achieved. Subsequently, the apparent CA, , in the Cassie state is given by: 10, 11 cos = s ͑cos s + 1͒ − 1, ͑1͒
where s is the fraction of the solid surface in contact with the water droplet and s is the CA of the surface. This equation implies that even though s is hydrophilic, can be very large if s is small enough. Using the average diameter of a-C nanoparticles of 100 nm and the intertube distance of 300 nm ͓Fig. 1͑b͔͒, and s = 80°from Ref. 27 , s and are calculated to be 0.09°and 153°, respectively. It was assumed that all a-C nanoparticles are in contact with the water droplet. In practice, however, the height of a-C/ CNTs is nonuniform ͓Fig. 1͑b͔͒. Water droplet may only reside on a part of the solid surface, resulting in a smaller s and hence a larger . It is therefore possible to obtain a macroscopic CA close to 180°. In summary, we used PIII to fabricate superhydrophobic a-C/ CNT nanocomposites based on the CNT forests template. The fabricated nanocomposites had a microstructure of arrays of a-C capped on CNTs. The formation of a-C was attributed to a series of phenomena arising from the interactions between energetic argon ions and CNT forests. The proposed method for CA measurements showed that a microscopic CA ͑both A and R ͒ close to 180°was achieved on the nanocomposites. Such a good superhydrophobicity was due to the overhang structure which ensured a Cassie state for water droplet and the nonuniform high-aspect-ratio of CNTs, which minimized the fraction of the solid surface area in contact with water droplet. Our results demonstrated that PIII may open a way for engineering nanostructures with various surface functions through plasma/ion-assisted nanofabrications.
